melanin, mosquito, viability. 28 29 30 31 32 33 34 2 Summary statement: The ability of mosquito eggs of several species to resist differently 35 to dry conditions is investigated. In particular, it unravels why Aedes aegypti eggs survive 36 for several months outside water. Abstract 39 Mosquito vectors lay their eggs in the aquatic milieu. During early embryogenesis water 40 passes freely through the transparent eggshell, composed of exochorion and endochorion. 41 93 Curiously, the level of egg resistance to desiccation (ERD) varies among mosquito species 94 at the end of embryogenesis: while Ae. aegypti eggs can survive for at least 72 hours in a 95 dry environment (high ERD), those of An. aquasalis and Cx. quinquefasciatus in the same 96 condition can survive, respectively, for 24 hours (medium ERD) and 5 hours (low ERD) 97 (Figure 1C) (Vargas et al., 2014). Physical and biochemical features of these eggs were 98 investigated in order to identify traits related with these differences. Chitin content is 99 directly related to ERD levels while both egg volume increase during embryogenesis and 100 eggshell superficial density are inversely related to. Moreover, other yet unidentified traits 101 might also be relevant (Farnesi et al., 2015).
The procedure and use of live chicken followed the UFIACUC Protocol no. 201003892. 171 The procedure and use of anaesthetized guinea pigs was reviewed and approved by the Eggs at approximately 80% of embryogenesis completion had their exochorion removed 178 with bleach (NaOCl, 6% active chlorine) treatment for one minute followed by three 179 washes with dechlorinated water. These exochoriondepleted eggs were then kept in moist 180 filter paper until hatching. Eggshells were then transferred into a microscopy slide and 181 brightfield images were obtained with a digital imaging acquisition system coupled to a Serosal cuticle synthesis was evaluated in both WT and GORO strains of An. 197 quadrimaculatus employing two approaches: air drying and bleach treatment, as 198 previously described for the other mosquitoes (Rezende et al., 2008; Goltsev et al., 2009; 199 Vargas et al., 2014) . 200 For the air drying assay, replicates consisting of 30 synchronized eggs at distinct stages of 201 embryogenesis (comprising seven time points in total, see xaxis in the Figure 3E) were 202 blotted onto a dry Whatman No. 1 filter paper to remove all water. Eggs were then left 203 drying on air for 15 minutes, when shrunken or intact eggs were counted under a 204 stereomicroscope. For each time point, three independent experiments were performed, 205 7 each with 30 eggs, for each strain. Experiments were performed at 25 ºC and the relative 206 humidity varied between 65 and 75%.
207
Prolonged incubation with bleach digests both the egg exochorion and endochorion while 208 leaving the serosal cuticle intact. Synchronized Anopheles quadrimaculatus eggs from 209 both strains were treated with bleach (6% active chlorine) during 3 10 min at different 210 stages of embryogenesis, before and after the abrupt change in egg permeability 211 (detected through the air drying experiment described above). The resulting material was The total period necessary for embryonic completion in both WT and GORO strains was 219 defined as previously described for other mosquitoes (Farnesi et al., 2009; Vargas et al., 220 2014) . Two hours before the (empirically) estimated hatching of the putative first larva, 221 eggs were flooded with a solution of 150 mg/ 100 mL yeast extract (SIGMA # Y1625) 222 prepared in tap water. Egg eclosion was counted hourly, until no more hatchlings were 223 observed. Twenty four hours after the eclosion of the last putative larvae the samples were 224 checked again to confirm that total hatching was recorded. The embryogenesis end point 225 was defined as the period necessary to hatch 50% of total larvae. For each strains, three 226 independent experiments, each with 120 eggs, were performed. All species and strains were employed in this experiment. In each case, groups of 40 or 50 230 synchronized eggs, obtained as explained above (section 2 of Methods), were removed 231 from water and blotted onto dry Whatman Nº 1 filter paper with the aid of a paint brush, at 232 specific moments of embryogenesis (see Figure 4 for details). Eggs remained developing 233 in this dry environment for 2, 5, or 10 hours. After these periods, eggs were transferred 234 back to moist conditions until embryogenesis completion. In all experiments the total test 235 interval ("wetdrywet") was shorter than the period necessary for embryogenesis 236 completion ((Vargas et al., 2014) ; Figure 3F ). Egg viability was quantified through larval 237 hatching, induced with 150 mg/ 100 mL yeast extract solution (Farnesi et al., 2009; Vargas 238 et al., 2014) , prepared with the same water used for rearing (section 1 of Methods). Larval 239 8 eclosion was recorded hourly until no more hatchlings were observed for two successive 240 hours. Total larval hatching was confirmed 24 hours later.
241
Viability control samples containing at least 120 eggs, kept continuously in moist filter 242 paper until the end of embryogenesis, were employed in all cases. Experimental data were 243 normalized with these controls, whose hatching was induced with yeast extract solution 244 (150 mg/ 100 mL).
245
Three independent experiments were performed for each species or strain, using 246 triplicates at least, inside an incubator at 25±1 °C. Relative humidity varied between 60 247 and 80% for both An. quadrimaculatus strains and between 20 and 55% for all other The ERD, defined as the capacity of an egg to sustain its viability outside the water 267 (Hadley, 1994; Gibbs et al., 1997) , varies among mosquito species at the end of spite of this, overall, Aedes aegypti exhibits the greater eggshell pigmentation, followed by 274 An. aquasalis and Cx. quinquefasciatus. 275 Although establishing a direct relationship between eggshell pigmentation and ERD is 276 tempting, other eggshell related factors, such as differences in thickness or components of 277 the endochorion or the serosal cuticle, might account for this distinctness (Harwood, 1959; 278 Christophers, 1960; Clements, 1992; Monnerat et al., 1999; Farnesi et al., 2015) . 279 Moreover, since we are studying mosquitoes of different genus, whose common ancestor 280 occurred ~ 217 million years ago (Reidenbach et al., 2009 ), embryological and egg traits 281 vary considerably (Vargas et al., 2014; Farnesi et al., 2015) and may not be comparable.
282
In order to directly evaluate the relationship between melanization and ERD without any 283 other confounding factor, we took advantage of a mutant strain of the species Anopheles 284 quadrimaculatus, which shows a significant melanization deficit: the GORO strain. Likewise, the period necessary for entire embryogenesis, approximately 56 hours after egg 303 laying, is similar in both strains ( Figure 3F ). Therefore, the lack of melanization in the An. 304 quadrimaculatus GORO mutant does not compromise neither serosal cuticle formation nor 305 the total period necessary for embryogenesis completion. The interspecific difference in egg viability when these are placed outside the water at late 310 embryogenesis ( Figure 1C ) (Vargas et al., 2014) might be due to factors other than the 311 eggshell and its serosal cuticle. For instance, it could be caused by specific metabolites 312 inside the egg or present in the pharate larvae, such as glycerol, trehalose, glycogen or 313 triacylglycerols, or to significant variation in the larval cuticle structure (Hinton, 1981; 314 Hadley, 1994; Gibbs et al., 1997; Sawabe and Mogi, 1999; Gray and Bradley, 2005) . Thus, 315 we uncoupled serosal cuticle participation in ERD from other factors. Eggs from the 316 different mosquito species and strains were removed from the water at different stages of 317 early embryogenesis and left developing outside the water for two, five or ten hours.
318
Hatching rates were assessed at the end of embryogenesis ( Figure 5 and Table 1 ). In all 319 cases serosal cuticle formation significantly increases egg viability outside the water 320 (ANOVA followed by Tukey's Multiple Comparison Test, P < 0.05). The role of the serosal 321 cuticle on ERD of Ae. aegypti left up to ten hours in a dry environment is partial: the 322 serosal cuticle elevates embryo viability from 3050% before its formation to 6881% right 323 after its synthesis. However, all Ae. aegypti eggs die if remaining outside the water for 25 324 hours prior to serosal cuticle formation (Rezende et al., 2008) . In Anopheles species and 325 strains the serosal cuticle formation is essential: egg viability in dry conditions is null 326 before, but increases considerably after serosal cuticle synthesis, as previously described 327 for An. quadrimaculatus (Darrow, 1949) and An. gambiae (Goltsev et al., 2009 ). In both 328 Ae. aegypti and An. aquasalis the hatching rate in each stage is equivalent for all dry 329 exposure periods. Regarding Cx. quinquefasciatus, 20% of the eggs left outside the water 330 for two hours before serosal cuticle synthesis survive but similar aged eggs exposed to a 331 dry environment for longer periods do not resist. Moreover, egg viability after serosal 332 cuticle formation is inversely proportional to the exposure period outside the water.
333
Interestingly, in both Cx. quinquefasciatus and Ae. aegypti, a gradual increase in embryo 334 viability was observed after serosal cuticle formation, suggesting this structure follows a 335 process of maturation until it becomes completely functional. Regarding An. 336 quadrimaculatus, in both strains the percentage of viable eggs is inversely related to the 337 dryness period. In all conditions after serosal cuticle formation, GORO eggs are far more 338 sensitive to dehydration than wild type ones (Student's ttest, P < 0.001). For instance, at 339 25% of total embryogenesis and when left for 5 hours in a dry environment, the hatching 340 rate of WT and GORO strains are, respectively, 85 and 17%. 
353
It is worth mentioning that it would not be possible to use the same approach, at least with The role of egg color in insects 362 Insect eggs occur in a myriad of colors, ranging from white to black with tones of yellow, 363 orange, red, pink, green and brown, among others. Egg color may occur uniformly or in 364 patches throughout the eggshell, or can appear in restricted areas (Hinton, 1981) . These This list is further expanded with melanin participation in the egg resistance to desiccation 374 (ERD). The ERD trait has been associated with the staggering adaptive success insects 375 show on land (Zeh et al., 1989; Jacobs et al., 2013) . Two questions arise from the above The melanin contribution for desiccation resistance has been previously described in adult 
397
On the other hand, populations of D. melanogaster artificially selected for increased 398 pigmentation does not resist desiccation more than control flies (Rajpurohit et al., 2016) .
399
This apparent incoherence might be due to other factors, since the reduction in the rate of 400 water loss by the cuticle is one out of the three aspects of the desiccation resistance (see In any organism, an increase in resistance to desiccation is related with three aspects: a 429 higher initial body water store, a reduction in the rate of water loss and an increase in the 430 tolerance to water loss (Hadley, 1994; Gibbs et al., 1997; Gray and Bradley, 2005; King 431 and Sinclair, 2015).
432
In mosquitoes, the role of eggshell in ERD is related with the reduction in the rate of water 433 loss. The outermost mosquito eggshell layer is the exochorion, a delicate layer that easily 434 detaches from the endochorion and does not participate in ERD (Monnerat et al., 1999; 435 Farnesi et al., 2015) . Although the endochorion visibly melanizes, the serosal cuticle below 436 it might also do so. In previous works our group have shown images of transparent serosal 437 cuticles from different mosquito species (Rezende et al., 2008; Goltsev et al., 2009; 438 Vargas et al., 2014; Farnesi et al., 2015) . However, these cuticles were obtained through 439 bleach treatment, that digests the chorion. During this process, the bleachresistant Figure 1B) (Wittkopp and Beldade, 2009; Arakane et al., 2016) .
444
Beckel demonstrates that mosquito eggs without exo and endochorion exhibit a permeable 445 serosal cuticle. Together with the known permeability of eggs before secretion of the 446 14 serosal cuticle, it seems that the endochorionserosal cuticle bonding is the functional 447 entity responsible for reducing water loss (Beckel, 1958) . This bounding would occur 448 through crosslinking quinones derived from the sclerotization or through interactions with 449 melanins (Andersen, 2012; Arakane et al., 2016) .
450
The moderate level of ERD before serosal cuticle formation, shown in Ae. aegypti and Cx. 451 quinquefasciatus, but not in Anopheles spp., cannot be related to the presence of melanin.
452
This viability might be due to an increased tolerance to water loss or a higher initial egg 453 water content. Percentage of eggshell weight in relation to total egg weight indeed suggest 454 that total body water content is lower in An. aquasalis (Farnesi et al., 2015) . desiccation at the end of embryogenesis. At 80% of total embryogenesis, eggs were transferred 812 from water to dry conditions (2055% relative humidity), and their viability monitored at regular 813 intervals. *Ae. aegypti eggs are viable outside water for even longer periods (Christophers, 1960; 814 Kliewer, 1961; Rezende et al., 2008) . All data in A and C were recovered from Vargas et al. 815 (2014) , except darkening period obtained from Christophers (Christophers, 1960) and Clements 816 (Clements, 1992) . were airdried for 15 minutes and the percentage of eggs that did not shrink (i.e. intact eggs) was 848 then registered. Relative humidity ranged between 65 and 75%. The abrupt alteration in egg 849 permeability, highlighted by a blue stripe, is coupled with serosal cuticle formation (see Figure 4) . 850
Points represent mean ± s.e. of three independent experiments, each one with 30 eggs per point 851 (total of 630 eggs per strain) (F) Cumulative larval hatching at 25 °C; data were normalized by total 852 eclosion, obtained 24 hours after the expected embryogenesis completion. Each curve represents 853 mean and standard error of three independent experiments consisting of 120 eggs each (total of 854 360 eggs per strain). 855 laid on water. Values in the xaxis indicate the moment that eggs were transferred to dry 918 conditions, staying outside the water for 2, 5 or 10 hours. Eggs were then returned to moist filter 919 paper until completion of embryo development, when hatching rates were evaluated. Data were 920 normalized regarding to control samples, kept on moist conditions throughout development. Blue 921 stripes indicate the serosal cuticle formation period (Figures 1 and 3) . Each point represents mean 922 ± s.e. of three independent experiments consisting of at least 120 eggs each. A total of at least 923 3240 eggs were employed for each species or strain. In all cases viability was significantly different 924 between the two first experimental points (i.e. before and after serosal cuticle formation) (ANOVA 925 followed by Tukey's test, P < 0.05, see Table 1 ); the exception being Cx. quinquefasciatus at 10 926 hours in dry conditions. After serosal cuticle formation, An. quadrimaculatus GORO eggs were less 927 viable than WT ones in all equivalent conditions (Student's ttest, P < 0.001). All experiments were 928 conducted at 25 ºC and relative humidity of 6080% (An. quadrimaculatus) or 2055% (other 929 species). as an organized raft that floats on the water surface. In all species, before serosal cuticle formation 954 water passes freely through the eggshell. Serosal cuticle formation diminished water passage 955 through the eggshell in a colordependent manner: while in Ae. aegypti, with a black endochorion, 956 most of the water is retained inside the egg, in An. aquasalis, with a darkbrown endochorion, 957 some of the water is retained inside the egg, but not all. Finally, in Cx. quinquefasciatus, with a 958 lightbrown/lighttanned endochorion, most of the water escapes and only a small portion of it is 959 retained inside the egg. The depicted embryonic morphology are representative for each stage and 960 species (Vargas et al., 2014) and egg sizes among species are depicted in their natural proportion 961 (Farnesi et al., 2015) . For the sake of simplicity, the outermost eggshell layer (the endochorion) 962 and the other extraembryonic membrane (the amnion) are not depicted here. The exochorion does 963 not participate in the ERD (Farnesi et al., 2015) . Values represent mean and standard deviation of at least three independent experiments for each 974 species and period under dry conditions. 975
Every experiment employed a total of at least 120 eggs for each point and for each species or 976 strain. 977
Hatching percentages were normalized according to control samples kept moist throughout 978 development. 979 Different letters represent significant differences among the distinct stages of embryogenesis in the 980 same drying period and for the same species or strain (ANOVA, followed by Tukey's test P<0.05). 981
Asterisk means significant differences between An. quadrimaculatus WT and GORO strains in the 982 same drying period and for the same stages of embryogenesis (Student's ttest, P <0.001). 983 N.D.: Not determined. 984
